NASA plans for future missions in space include the use of advanced solar dynamic power systems as sources of electricity. This type of system has been successfully used for terrestrial applications, but never for space applications. The first such system planned for space will be for use on the Space Station. It is presently under development.
INTRODUCTION
This paper presents a summary of the concentrator conceptual design work performed under the NASA-funded project "Conceptual Design of a Deployable, High-Performance Long-Life Dish Concentrator for Advanced Solar Dynamic Power Systems" (DPSC). The design study centers around two basic efforts:
Conceptual design of a self-deploying, high-performance parabolic concentrator Materials selection for a lightweight, shape-stable concentrator
The primary structural material selected for the concentrator is PEEK/carbon fiber composite. This composite material has a nearly neutral coefficient of thermal expansion which leads to stable shape under thermal gradient conditions. This material allows light weight while avoiding moisture absorption and microcracking inherent in some other composite materials.
The deployment concept utilizes rigid gore-shaped reflective panels. The assembled concentrator takes a circular shape with a void in the center. In the packaged transportation configuration, the panels are stacked vertically, similar to a deck of playing cards, in a compact dispenser cartridge.
Upon deployment of the concentrator, the dispenser remains part of the assembly as the interface between the concentrator, the receiver/engine support structure, and the space station or satellite.
The deployable solar concentrator concept is applicable to a range of solar dynamic power systems of 25 kW, to in excess of 75 kW,. The concept allows a family of power system sizes all using the same packaging and deployment technique. The receiver/engine and its support structure are part of the deployment package. The deployed concentrator is illustrated in Figures l a through IC.
CONCEPTUAL DESIGN
The conceptual design of the concentrator was carried out in several phases. They were:
Development of a preliminary specification System sizing for 25 kW (net) Development of the conceptual design based on PEEK/carbon filter composite materials as the base material
2.1
Preliminary Specification
Introduction
The goal of the program was to develop a conceptual design for a concentrator that has wide applications, can be scaled for various sizes without major basic design modifications, has a high solar-to-electric conversion efficiency, and offers a long operational life.
To insure that available resources were effectively deployed, high risk areas such as the materials from which the concentrator will be built were researched first to permit definition of appropriate designs and methodologies.
NASA Lewis was to provide the various receiver/engine parameters, such as weight, geometrical dimensions, aperture size and configuration as well as space station or satellite attachment configurations and load limits.
The conceptual design was to consist of drawings, sketches and narrative descriptions for the concentrator package/dispenser, concentrator, receiver/engine support system, reflective panels and the deployment methodology.
General Reauirements
The requirements for the advanced solar dynamic power systems concentrator (DPSC) was categorized into:
Environmental and Power system requirements 
I
Environmental requirements deal with the terrestrial, launch and orbital conditions the DPSC will be exposed to that are imposed on the design.
The environmental requirements defined were:
Launch requirements The baseline design shall be for a 25 kW, power system and be symmetric about the axis. Providing for a solar to electric system efficiency of 30 percent, the concentrator must be sized to allow for 60 minutes of sun exposure and 30 minutes of shading in a 90-minute orbit. The DPSC shall be designed to be placed in orbit by the space shuttle. It is envisioned that the concentrator including all components, i.e., panels, structure, power module and power module support, will be packaged in a dispenser, cartridge, or other packaging device. During the conceptual design, no specific requirements will be imposed other than interface requirements to permit the exploration of several concepts including the "sunflower" concept developed by NASA-Lewis in the 1960s.
System
Sizing for 25 kW (Net)
Concentration Ratio
The concentration ratio of the solar collector is defined as the ratio of the concentrator projected area to the receiver aperture area. This term approximates the average solar flux across the receiver aperture. The peak flux may be an order of magnitude higher than the average. The higher the concentration ratio, the more precise the optics must be, and the higher the heat flux on the receiver surfaces will be. Higher concentration ratios translate into smaller receiver apertures which decrease radiation heat losses from the aperture. Selection of a concentration ratio for a solar dynamic power system is an involved trade study and optimization, including concentrator, receiver, engine, and radiator parameters. The intent of the concentrator development is to allow for the highest concentration ratio that can be reasonably achieved. The established design requirement for the concentration ratio is a minimum of 2000 and a goal of 5000 dimensionless. For terrestrial concentrators, a number have higher concentration ratios than 2000, but none that we are familiar with, can function efficiently at 5000.
For example, a concentrator with a concentration ratio of 3000 can be detailed. The following example starts with a look at the concentrator optical error budgets. Optical errors which spread the focal spot consist of reflector specularity, tracking errors, sun size effect, and reflector slope errors. Each of these effects can be treated as a separate Gaussian distribution and combined in a root-mean-square manner to produce a total flux distribution in the aperture plane. The appropriate equation is:
When these contributors to the slope error are combined in a root-mean-square manner, the resulting reflector slope error is 2.45 mrad.
The panel manufacturing error of 2 mrad dictates high quality surface accuracy. The best panels we know of in the terrestrial program achieved 1 mrad surface accuracy for segments 8 feet long and 3 feet at the widest end. Since panels for the solar dynamic concentrator are of this general size, the 2 mrad budget probably represents the best accuracy to be expected.
The slope error contribution of thermally induced deflections is expected to be negligible because the reflective panel and structure will be fabricated from composites with very low thermal expansion coefficients.
Values for structural accuracy and panel alignment are budgetary and will depend on detailed designs and manufacturing techniques. convolved error standard deviation of the specularity spread of the optical surface standard deviation of the pointing error of the concentrator standard deviation of the angular spread of the incoming direct sunlight standard deviation of the slope errors of the concentrator The specularity of the reflective surface is estimated as 1.2 mrad. Typical reflector materials range from 0.2 mrad for second-surface glass to 1.2 mrad for metalized polymer films. Results of specularity measurements on experimental front-surface reflectors are similar to the metalized films.
The tracking error budget for typical terrestrial concentrators is 0.1", which converts to 1.7 mrad. It is expected that similar tracking accuracy can be achieved in the space application.
Angular spread of the incoming direct sunlight is caused by the finite size of the sun. In terrestrial applications, the angular spread increases with decreasing insolation level. This decrease is caused by scattering due to clouds, moisture, and dust in the atmosphere. For peak terrestrial conditions, uSun = 2.3 mrad. This value is probably a reasonable representation of the conditions in low earth orbit (LEO).
Reflector slope error has several contributors, including reflective panel manufacturing tolerances, thermal gradient induced deflections, panel alignment, and support structure tolerances. Individual contributors can be budgeted as follows:
where: This equation may be solved for a concentration ratio of 3000 using the slope errors defined previously. The equation yields an intercept factor of 0.96 and means that 96 percent of the reflected energy from the concentrator enters the receiver and 4 percent illuminates the receiver aperture lip or misses entirely. For the defined slope error values, the effect of concentration ratio on intercept factor is illustrated in Figure 2 .
Reflectivity
The total hemispherical reflectivity target is set at 0.95. We feel that this target can be achieved using a silver front- 
Concentrator Efficiency
The concentrator efficiency is defined by the equation:
where: rl 
4
= intercept factor for the receiver aperture. Use a value of 0.96 as previously discussed
For the parameters defined, the concentrator long-term efficiency is q = 0.90.
Concentrator Size
The size of the concentrator required to power a 25 kW, output enginelgenerator can be estimated by assigning efficiencies to the various system components. The overall power system efficiency is the product of all the component efficiencies. Assigned component efficiencies are listed in Table 1 . The suing criteria for the concentrator is that it be large enough to collect sufficient solar energy to operate the power system continuously at 25 kW . In LEO, the orbit time is approximately 90 minutes witg 60 minutes of sun and the remainder shade. Therefore, the concentrator must collect enough energy in 60 minutes to operate the engine/generator for 90 minutes. During the shaded 30 minutes, the engine/generator is powered out of thermal storage with an attendant storage efficiency of approximately 0.70. This criteria then dictates that 143 kW-hr of insolation must be intercepted in 60 minutes in order to fuel the power system. Knowing the insolation in LEO allows sizing of the concentrator: If the concentrator is defined as a ring or annulus with an inside diameter of 20 feet, the outside diameter given the required area is approximately 44 feet.
Power Svstem Summarv
The solar dynamic power system performance is summarized in the "waterfall" type chart of Figure 3 . The chart starts on the left side with the incident solar flux and specifies each energy loss throughout the energy conversion process to the 25 kW, output of the electrical generator. The chart is based on a 90-minute orbit with 60 minutes of sun and a continuous power system output of 25 kW,.
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The development of the conceptual design could only be carried out with cost-efficiency up to a point. The material selection in many respects dictates the component design as well as manufacturing techniques to be applied and present available technologies. The conceptual design was therefore Development of the Conceptual Design The concentrator is stowed in a "cartridge" that holds all panels and serves as the structural element to transmit loads to the concentrator and power system and also serves as the articulation link. Deployment of the concentrator is via passive potential energy stored in spring motors that are sequentially unlatched to move the respective components into their respective positions and latching them there. A model has been constructed demonstrating the concepts.
MATERLALS SELECI'ION AND DEVELOPMENT

WORK
The material selection for the concentrator is of key importance due to the highly corrosive environment and the thermal cycling the concentrator is exposed to during the sun/shade cycle in LEO.
Acurex has conducted a detailed review of the presently available epoxy/carbon fiber composite materials for use as base materials, and has found that many questions can be raised regarding their suitability for the proposed environment and service.
The epoxy/carbon fiber composite materials are hygroscopic and absorb moisture readily in the terrestrial environment. Typical absorption is 2 percent by weight. With the absorption of moisture, volume changes occur which have the tendency to distort the materials. These distortions have been observed on sample mirrors that have been manufactured by others. However, the manufacture of large space structures in a completely dry environment would be very cumbersome. If other materials are available which do not have these characteristics, they would certainly be preferrable. Predicting the performance of a mirror distorted by moisture intrusion would be very difficult. In space, the materials would certainly dry out in time and performance might change.
The epoxy/carbon fiber composite materials also exhibit microcracking when exposed to thermal cycling, due to their brittle microstructure. The cracks usually start at the surface and may progress through the entire structure. These cracks would expose any mirror surface to the environment and, even if structurally not detrimental (which has not been shown), would most likely result in significant edge corrosion. It also appears that the number of microcracks increases with thermal cycling, and no "saturation" level has been observed thus far in experiments conducted. Tests reviewed had cycled these materials up to 500 times whereas the space concentrator should be designed for 100,000 cycles. It was initially believed that microcracking would stabilize at some maximum level and that the carbon fibers would not be affected directly. Depending on the bond strength between the matrix and the carbon fiber, cracks have been observed to pass through the fibers. This could have very serious consequences in the long term.
The problems with epoxy/carbon fiber composite materials have not gone unnoticed, and substantial efforts are underway to explore alternative materials for applications in space by industry. Materials that show promise are thermoplastic/carbon fiber composites and, in particular, PEEK composites. Silverman and Jones of TRW Space & Technology Group reported the following at the 33rd International SAMPE Symposium, March 7 through 10, 1988: "Expected performance improvements over current graphite/ epoxy composites include negligible moisture absorption, improved microcrack resistance, greater damage tolerance, significantly improved thermal stability, postformability, reuse of scrap, improved repairability, and indefinite prepreg shelf life." Based on the above, Acurex is presently investigating the feasibility of using PEEK/materials on this project. Acurex is particularly interested in determining how a smooth surface can be produced on a PEEK base material and how a mirror surface may be vapor-deposited on this surface.
Work in this area is continuing.
